Context. Type Ia Supernovae (SNe Ia) are widely used to measure the expansion of the Universe. To perform such measurements the luminosity and cosmological redshift (z) of the SNe Ia have to be determined. The uncertainty on z includes an unknown peculiar velocity, which can be very large for SNe Ia in the virialized cores of massive clusters. Aims. We determine which SNe Ia exploded in galaxy clusters. We then study how the correction for peculiar velocities of host galaxies inside the clusters improves the Hubble residuals. Methods. Using 145 SNe Ia from the Nearby Supernova Factory we found 11 candidates for membership in clusters. To estimate the redshift of a cluster we applied the bi-weight technique. Then, we use the galaxy cluster redshift instead of the host galaxy redshift to construct the Hubble diagram. Results. For SNe Ia inside galaxy clusters the dispersion around the Hubble diagram when peculiar velocities are taken into account is smaller in comparison with a case without peculiar velocity correction, with a wRMS =0.130 ± 0.038 mag instead of wRMS =0.137 ± 0.036 mag. The significance of this improvement is 3.58 σ. If we remove the very nearby Virgo cluster member SN2006X (z < 0.01) from the analysis, the significance decreases to 1.34 σ. The peculiar velocity correction is found to be highest for the SNe Ia hosted by blue spiral galaxies, with high local specific star formation rate and smaller stellar mass, seemingly counter to what might be expected given the heavy concentration of old, massive elliptical galaxies in clusters. Conclusions. As expected, the Hubble residuals of SNe Ia associated with massive galaxy clusters improve when the cluster redshift is taken as the cosmological redshift of the SN. This fact has to be taken into account in future cosmological analyses in order to achieve higher accuracy for cosmological redshift measurements. Here we provide an approach to do so.
Introduction
Type Ia Supernovae (SNe Ia) are excellent distance indicators. Observations of distant SNe Ia led to the discovery of the accelerating expansion of the Universe (Perlmutter et al. 1998 , Riess et al. 1998 , Schmidt et al. 1998 . The most recent analysis of SNe Ia indicates that for a flat ΛCDM cosmology, our Universe is accelerating, with Ω Λ = 0.705 ± 0.034 (Betoule et al. 2014; Scolnic et al. 2017) .
Cosmological parameters are estimated from the "luminosity distance-redshift" relation of SNe Ia, using the Hubble diagram. Generally, particular attention is paid to standardization of SNe Ia, i.e. to increase of the accuracy of luminosity distance determinations (Rust 1974; Pskovskii 1977 Pskovskii , 1984 Phillips 1993; Hamuy et al. 1996a; Phillips et al. 1999; Riess et al. 1996; Perlmutter et al. 1997 Perlmutter et al. , 1999 Wang et al. 2003; Guy et al. 2005 Guy et al. , 2007 Jha et al. 2007; Bailey et al. 2009; Wang et al. 2009; Kelly et al. 2010; Chotard et al. 2011; Blondin et al. 2012; Rigault et al. 2013; Kim et al. 2013; Fakhouri et al. 2015; Sasdelli et al. 2016; Léget 2016; Saunders 2017) . The uncertainty on the redshift is quite often considered negligible. The redshift used in "luminosity distance-redshift" relation is due to the expansion of the Universe assuming Friedman-LemaitreRobertson-Walker metric, i.e. the motion within the reference frame defined by the cosmic microwave background radiation (CMB). We will refer to this as a cosmological redshift (z c ). In fact, the redshift observed on the Earth (z obs ) also includes the contribution from the Doppler effect induced by radial peculiar velocities (z p ):
(1 + z obs ) = (1 + z c )(1 + z p )
At low redshift, and for low velocities compared to the speed of light in vacuum, the following approximation can be used:
The component of the redshift due to peculiar velocities includes the Earth's rotational and orbital motions, the Solar orbit within the Galaxy, peculiar motion of the Galaxy within the Local Group, "infall" of the Local Group toward the center of the Local Supercluster, etc. It is well known that peculiar velocities of SNe Ia introduce additional errors to the Hubble diagram and therefore have an impact on the estimation of cosmological parameters (Cooray & Caldwell 2006; Hui & Greene 2006; Davis et al. 2011; Habibi et al. 2018) . To minimize the influence of poorly constrained peculiar velocities, in some cosmological analyses all SNe Ia with z < 0.015 are removed from the Hubble diagram fitting and a 300-400 km s −1 peculiar velocity dispersion is added in quadrature to the redshift uncertainty (Astier et al. 2006; Wood-Vasey et al. 2007; Amanullah et al. 2010) . In particular, this is the approach taken for the cosmology analysis using Union 2.1 (Suzuki et al. 2012) . Another way to apply the peculiar velocity correction is to measure the local velocity field assuming linear perturbation theory and then correct each supernova redshift ). Willick & Strauss (1998) estimated the accuracy of this method to be ∼100 km s −1 , Riess et al. (1997) . This approach was used in the Joint Light-Curve Analysis (JLA; Betoule et al. 2014) . However, it has been shown that the systematic uncertainty on w, the dark energy equation of state parameter, of different flow models is at the level of ±0.04 (Neill & Conley 2007) . It has nonetheless been observed that velocity dispersions can exceed 1000 km s −1 in galaxy clusters (Ruel et al. 2014) . For example, in the Coma cluster, a large cluster of galaxies that contains more than 1000 members, the velocity dispersion is σ V = 1038 km s −1 (Colless & Dunn 1996) . The dispersion inside the cluster can be much greater than that usually assumed in cosmological analyses and therefore can seriously affect the redshift measurements (see Fig. 1 ). Moreover, within a cluster, the perturbations are no longer linear, and therefore can not be corrected using the smoothed velocity field. Assuming a linear Hubble flow, we can transform the dispersion due to peculiar velocities into a magnitude error:
Calculations using Eq. 3 show that for the low redshift region (z < 0.05) this error is higher than the 150 km s −1 and 300 km s −1 that is usually assumed and is two times larger than the intrinsic dispersion of SNe Ia around the Hubble diagram (Fig. 2) . This means that standard methods to take into account peculiar velocities do not work for galaxies inside clusters, and another more accurate method needs to be developed for these special cases.
For a SN in a cluster it is possible to estimate z c more accurately using the host galaxy cluster redshift (z cl ) instead of the host redshift 1 (z host ). The mean cluster redshift is not affected by virialization within a cluster. Of course clusters also have peculiar velocities which can sometimes manifest themselves as cluster merging, for example, the Bullet clusters (Clowe et al. 2006) . However, clusters have much smaller peculiar velocities than the galaxies within them (i.e. ∼300 km s ; Bahcall & Oh 1996; Dale et al. 1999; Masters et al. 2006) .
The fact that there is additional velocity dispersion of galaxies inside the clusters that should be taken into account has been known for a long time. Indeed, the distance measurements are degenerate in terms of redshift due to the presence of galaxy clusters and this is accounted for when Tully-Fisher method , respectively. The red line shows the intrinsic dispersion of SNe Ia on the Hubble diagram found for the JLA sample (Betoule et al. 2014) . (Tully & Fisher 1977 ) is applied to measure distances. This problem is known as the triple value problem, which is the fact that for a given distance one can get three different values of redshift due to the presence of a cluster (see for example Tonry & Davis 1981; Tully & Shaya 1984; Blakeslee et al. 1999; Radburn-Smith et al. 2004; Karachentsev et al. 2014) . To account for the peculiar velocities of galaxies in clusters Blakeslee et al. (1999) proposed several alternative approaches. The first is to keep using the individual galaxies' velocities but to add extra variance in quadrature for the clusters according to
, where σ 0 = 700 (400) km s −1 and r 0 = 2 (1) Mpc for Virgo (Fornax) . The second approach is to use a fixed velocity error and to remove the virial dispersion by assigning galaxies their groupaveraged velocities. Nevertheless, peculiar velocity correction within galaxy clusters has received little attention in SN Ia studies, with the exceptions of Feindt et al. 2013 and Dhawan et al. 2017 . The redshift correction induced by galaxy clusters is mentioned only briefly in those analyses, as their objectives were to measure the bulk flow with SNe Ia (Feindt et al. 2013 ) and the Hubble constant (Dhawan et al. 2017) . However, at low redshifts this correction is necessary, which is why we focus on it here.
In this paper we identify SNe Ia that appear to reside in known clusters of galaxies. We then estimate the impact of their peculiar velocities by replacing the host redshift by the cluster redshift. As our parent sample we use 145 SNe Ia observed by the Nearby Supernova Factory (SNfactory), a project devoted to the study of SNe Ia in the nearby Hubble flow (0.02 < z < 0.08; Aldering et al. 2002) . We then compare the Hubble residuals (HRs) for SNe Ia in galaxy clusters before and after peculiar velocity correction.
The paper is organized as follows: in Sect. 2 the SNfactory dataset is described. In Sect. 3 the host clusters data as well as the matching with SNe Ia are presented. In Sect. 4 we introduce the peculiar velocity correction and study how it affects the HRs. We discuss the robustness of our results and the properties of SNe Ia in galaxy clusters in Sect. 5. Finally, the conclusions of this study are given in Sect. 6.
Throughout this paper, we assume a flat ΛCDM cosmology with Ω Λ = 0.7, Ω m = 0.3, and H 0 = 70 km s
. Varying these assumptions has negligible impact on our results due to the low redshifts of our SNe Ia and the fact that H 0 is simply absorbed into the Hubble diagram zero point.
Nearby Supernova factory data
This analysis is based on 145 SNe Ia obtained by the SNfactory collaboration between 2004 and 2009 with the SuperNova Integral Field Spectrograph (SNIFS; Aldering et al. 2002 , Lantz et al. 2004 ) installed on the University of Hawaii 2.2-m telescope (Mauna Kea). SNIFS is a fully integrated instrument optimized for semi-automated observations of point sources on a structured background over an extended optical window at moderate spectral resolution. SNIFS has a fully-filled 6.4 ×6.4 spectroscopic field-of-view subdivided into a grid of 15 × 15 contiguous square spatial elements (spaxels). The dual-channel spectrograph simultaneously covers 3200-5200 Å (B-channel) and 5100-10000 Å (R-channel) with 2.8 and 3.2 Å resolution, respectively. The data reduction of the x, y, λ data cubes was summarized by Aldering et al. (2006) and updated in Sect. 2.1 of Scalzo et al. (2010) . A preview of the flux calibration is developed in Sect. 2.2 of Pereira et al. (2013) , based on the atmospheric extinction derived in Buton et al. (2013) , and the host subtraction is described in Bongard et al. (2011) . For every supernova followed, the SNfactory creates a spectro-photometric time series composed of ∼13 epochs on average, with the first spectrum taken before maximum light in B-band (Bailey et al. 2009; Chotard et al. 2011 ). In addition, observations are obtained at the supernova location at least one year after the explosion to serve as a final reference to enable the subtraction of the underlying host. The host galaxy redshifts of the SNfactory SNe Ia are given in Childress et al. 2013 . The sample of 145 SNe Ia contains those objects through 2009 having good final references and properly measured light-curve parameters, including quality cuts suggested by Guy et al. (2010) .
The nearby supernova search is more complicated than the search for distant SNe Ia because, to probe the same volume, it is necessary to sweep a much larger sky field. Rather than targeting high-density galaxy fields that could potentially bias the survey, at the beginning of the SNfactory experiment (2004) (2005) (2006) (2007) (2008) , SNe Ia were discovered with the 1.2-m telescope at the Mount Palomar Observatory (Rabinowitz et al. 2003 ) in a nontargeted mode, by surveying about 500 square degrees of sky every night. In all ∼20000 square degrees were monitored over the course of a year. SNfactory performed the follow-up observations of a few SNe Ia discovered by the Palomar Transient Factory (Law et al. 2009 ) which also were found in a non-targeted search. We chose to examine this sample, despite it being only 20% of all nearby cosmologically useful SNe Ia, in order to use a homogeneous dataset primarily from a blind SN Ia search to avoid any bias due to the survey strategy. However, 22 SNe Ia in the sample were not discovered by these research programs but by amateur astronomers or specific surveys in clusters of galaxies. In particular, SN2007nq which will be identified as being in a cluster, comes from a specific search within clusters of galaxies (Quimby et al. 2007 ); SN2006X as well as SN2009hi which were also identified as being in clusters, come from targeted searches (Suzuki, & Migliardi 2006; Nakano et al. 2009 ).
As mentioned above, SN2006X is located in the Virgo cluster and is a highly reddened SN Ia, with a SALT2 color of C = 1.2. This SN Ia would not be kept for a classical cosmological analysis, but since here we are only interested in the effects of peculiar velocities, we have kept it in the analysis.
Host clusters data
In this section we will describe how we selected the cluster candidates for associations with SNfactory SNe (Sect. 3.1). We will then present our technique for calculating the cluster redshift and its error (Sect. 3.2). Our final list of associations appears in Sect. 3.3.
Preliminary cluster selection
Several methods for identifying clusters of galaxies have been developed (e.g., Abell 1958; Abell et al. 1989; Zwicky et al. 1961; Gunn et al. 1986; Vikhlinin et al. 1998; Kepner et al. 1999; Gladders & Yee 2000; Piffaretti et al. 2011; Planck Collaboration et al. 2016b ). However, each of them contains assumptions about cluster properties and is subject to selection effects. The earliest method used to identify clusters was the analysis of the optical images for the presence of over-density regions. Finding clusters with this method suffers from contamination by foreground and background galaxies that produce the false effect of over-density, which becomes more significant for high redshift. To help reduce this projection effect, another method one can use is the Red Sequence Method (RSM). This method is based on the fact that galaxy clusters contain a population of elliptical and lenticular galaxies that follow an empirical relationship between their color and magnitude and form the so-called red sequence (Gladders & Yee 2000) . The projection of random galaxies at different redshifts is not expected to form a clear red sequence. The RSM also requires multicolor observations. Spectroscopic redshift measurements help tremendously in establishing which galaxies are cluster members; though even, then the triple value problem can lead to erroneous associations.
A third popular and effective method to detect galaxy clusters is to observe the diffuse X-ray emission radiated by the hot gas (10 6 -10 8 K) in the centers of the clusters (Boldt et al. 1966; Sarazin 1988) . In virialized systems the thermal velocity of gas and the velocity of the galaxies in the cluster are determined by the same gravitational potential. As a result, clusters of galaxies where peculiar velocities are important appear as luminous Xray emitters, with typical luminosities of L X ∼ 10 . Such luminosities correspond to σ V 700 km s −1 (see Fig. 3 ). The gas distribution can be rather compact and thus unresolved by X-ray surveys at intermediate and high redshifts. However, nearby clusters (z < 0.1) will be well resolved, eliminating contamination from X-ray AGN or stars.
Finally, clusters of galaxies also cause distortions in the cosmic microwave background from the inverse Compton scattering of the CMB photons by the hot intra-cluster gas. In the fourth and final cluster identification method, this signature, known as the Sunyaev-Zel'dovich (SZ) effect, is used to identify clusters (Planck Collaboration et al. 2016b) .
Using the SIMBAD database (Wenger et al. 2000) we chose all the clusters projected within ∼2.5 Mpc around the SNe Ia positions and with redshift differing from that of the supernova by less than 0.015. SN Ia host redshifts were used to initially determine the distance. We did not consider objects classified as groups of galaxies (GrG), although there is no strong boundary between these and clusters, since groups of galaxies are characterized by smaller mass and therefore smaller velocity disper- . The uncertainty introduced by such velocity is properly accounted for using the conventional method of assigning a fixed uncertainty to all SNe Ia to account for peculiar velocities.
Cluster redshift measurement
Some published cluster redshifts have been determined from a single or few galaxies. As we want to have a precise redshift correction, we can not simply replace the redshift of the host galaxy by the redshift of another galaxy. We therefore adopt the following methodology to improve cluster redshift estimates.
To measure the redshift of the cluster it is necessary to know which galaxies in the cluster field are its members. Galaxy clusters considered in this paper are old enough (z < 0.1) to exhibit virialized regions (Wu et al. 2013) . Therefore, to characterize the cluster radius we used the virial radius R 200 , corresponding to an average enclosed density equal to 200 times the critical density of the Universe at redshift z:
where H(z) is the Hubble parameter at redshift z and G is the Newtonian gravitational constant. According to the virial theorem, the velocity dispersion σ V inside a cluster is given as: 
The cluster redshift uncertainty (z cl err ) can be found from the cluster velocity dispersion:
where N gal is a number of cluster members used for the calculation. First, we took all the galaxies attributed to each cluster in literature sources and added the SNfactory host galaxy if it was not among them. Then, these data were combined with the DR13 release database of SDSS (Eisenstein et al. 2011; Dawson et al. 2013; Smee et al. 2013; SDSS Collaboration et al. 2016 ). We selected all galaxies with spectroscopic redshifts located in a circle with the center corresponding to the cluster coordinates and projected inside the cluster's R 200 radius. A 5σ V redshift cut was adopted in the redshift direction (see Eq. 7).
The R 200 value was extracted from the literature when possible. For the clusters without published size measurements we estimated R 200 ourselves from the velocity distribution of galaxies around the cluster position following the procedure described in Beers et al. (1990) with an initial guess of R 200 = 1.1 Mpc. If the number of cluster members with spectroscopically determined redshifts was less than ten, the value of 1.1 Mpc was adopted as a virial radius. This value corresponds to the average R 200 of clusters in the MCXC, a meta-catalogue of X-ray detected clusters of galaxies (Piffaretti et al. 2011 ); see Fig. 3 .
To estimate the redshift of a cluster we applied the so-called bi-weight technique (Beers et al. 1990 ) on the remaining redshift distributions. Bi-weight determines the kinematic properties of galaxy clusters while being resistant to the presence of outliers and is robust for a broad range of underlying velocity distributions, even if they are non-Gaussian, using the median and an outlier rejection based on the median absolute deviation. Moreover, Beers et al. 1990 provide a formula for the cluster redshift uncertainty, but it can not be used for clusters with few members. Therefore, instead we use Eq. 8, which can be applied for all of our clusters.
For some of the clusters the literature provides only the final redshift and the number of galaxies, N paper , that were used in the calculation, without publishing a list of cluster members. In those cases, if the number of members collected by us satisfies N gal < N paper we adopted the redshift from literature. The detailed scheme of the cluster redshift calculation is presented in Fig. 4 .
All the calculations described above are based on spectroscopical redshifts. Before performing the calculations of the cluster CMB redshift, all of the heliocentric redshifts of its members were first transformed to the CMB frame. The transformation to the CMB frame made use of the NASA/IPAC Extragalactic Database (NED).
Final matching and confirmation
Once the redshifts and R 200 values were obtained for each cluster, we performed the final matching. A supernova is considered a cluster member if two conditions are satisfied:
• r < R 200 , where r is the projected distance between the SN and cluster center.
The SNe Ia that did not satisfy these criteria were removed from further consideration. Our final criteria are slightly different than those applied by Xavier et al. 2013 (1.5 Mpc and σ V = 500 km s and ∆z = 0.015). They studied the properties and rate of supernovae in clusters and their choices were made to be consistent with previous cluster SN Ia rate measurements. These values roughly characterize an "average" cluster and we were guided by the same thoughts when making the preliminary cluster selection (2.5 Mpc and ∆z = 0.015, see Sec. 3.1). However, since clusters have different size and velocity dispersion, we determined or extracted from the literature the physical parameters of each cluster (R 200 and σ V ). This method provides an individual approach to each SN-cluster pair and allows association with a cluster to be defined with greater accuracy.
Following Carlberg et al. (1997) and Rines & Diaferio (2006) we constructed an ensemble cluster from all the clusters associated with SNe Ia to smooth over the asymmetries in the individual clusters. We scaled the velocities by σ V and positions with the values of R 200 for each cluster to produce the Fig. 5 . This shows our selection boundaries and exhibits good separation of cluster galaxies from surrounding galaxies.
As it was mentioned in Sect. 3.1 there are several methods to identify a cluster. Initially we considered everything that is classified as a cluster by previous studies. However, some of these classifications can be false. For the remaining clusters we checked for the presence of X-ray emission, a red sequence or the SZ effect, as described below.
We used the public ROSAT All Sky Survey images within the energy band 0.1-2.4 keV, to look for extended X-ray counterparts Table 1 in Arnaud et al. 2010 ). The L 500 values for MCXC clusters (Piffaretti et al. 2011 ) as a function of redshift are presented in Fig. 3 . Moreover, in Fig. 3 we have represented by a continuous black line the minimum value of L 500 which is required for the velocity dispersion of the cluster to cause a deviation from the Hubble diagram greater than the intrinsic dispersion in luminosity of SNe Ia. It can be seen that all the clusters hosting SNe Ia except one are above this threshold and it is therefore very likely that the Doppler effect induced by these clusters causes a dispersion in the Hubble diagram which is greater than the intrinsic dispersion in luminosity of SNe Ia. Moreover, more than a half of the low redshift clusters are above this limit, indicating that the peculiar velocity correction has to be taken into account if a SN Ia belongs to a cluster of galaxies and is observed at low redshift.
To check for a linear red sequence feature, SDSS data were employed. From the SDSS Galaxy table we chose all the galaxies in the R 200 region around the cluster position. We extracted model magnitudes, as recommended by SDSS for measuring colors of extended objects.
We checked for detections of the SZ effect using the Planck catalog of Sunyaev-Zel'dovich sources (Planck Collaboration et al. 2016a ). All the clusters in our sample with SZ sources also have X-ray emission, as expected for real clusters. Fig. 4 : Workflow for redshift calculation and other inputs for matching of SNe to galaxy clusters. In this scheme, N gal corresponds to the number of galaxies used to compute the redshift and N paper corresponds to the number of galaxies used to estimate the redshift in the literature. Some of our supposed clusters do not show X-ray or SZ signatures of a cluster. As described in Sect. 3.1, low-redshift clusters are expected to have X-ray emission. Therefore, only such candidates were kept for further analysis (see Fig. 3 ).
Cases when the red sequence is clearly seen but for which there is no diffuse X-ray emission can be explained either by the superposition of nearby clusters or being a group embedded in a filament. For example, our study of the redshift distribution and sky projection around the proposed host cluster [WHL2012] J132045.4+211627 of SNF20070417-002 revealed that many of the redshifts used to determine z cl come from galaxies that are more spread out -like a filament would be. We conclude that, consistent with the lack of X-rays, this is not a cluster.
Two other clusters, ZwCl 2259+0746 and A87, also require discussion. Within 2.3 of the center of ZwCl 2259+0746 there is a source of X-ray emission, 1RXS J230215.3+080159. However, the size of the emission region (3 ) is very small in comparison with R 500 value for the cluster (40 ). In addition, according to Mickaelian et al. (2006) this emission belongs to a star. Therefore, we did not assign this X-ray source to ZwCl 2259+0746. Another case is A87, which belongs to the A85/87/89 complex of clusters of galaxies. According to Durret et al. (1998) the galaxy velocities in the A87 region show the existence of subgroups, which all have an X-ray counterpart, and seem to be falling onto A85 along a filament. Therefore, A87 is not really a cluster but a substructure of A85 that has a very prominent diffuse X-ray emission (Piffaretti et al. 2011 ). We applied our redshift measurement technique to determine the CMB redshift of the virialized region of A85. Thus, we included A85/A87 in our final table for the peculiar velocity analysis.
The final list of SNfactory SNe Ia in confirmed clusters contains 11 objects. The resulting association of SNe Ia with host clusters is given in Table 1 . Column 1 is the SN name, Col. 2 contains a name of the identified host cluster of galaxies, and Col. 3 is the MCXC name. The MCXC coordinates of the host cluster center are given in Col. 4. Column 5 contains the projected separation, D, in Mpc between the SN position and the host cluster center. The R 200 value is in Col. 6 and the CMB supernova redshift is in Col. 7. The CMB redshift of the cluster and its uncertainty can be found in Cols. 8 and 9. The velocity dispersion of the cluster estimated from the R 200 value is shown in Col. 10. The number of galaxies that were used for cluster redshift calculation is in Col. 11. In Col. 12 we indicate the source of galaxy redshift information (lit. is an abbreviation for literature). In the last Col. we summarize all references for the cluster coordinates, R 200 , and non-SN galaxy redshifts.
Impact on the Hubble diagram
Since we have a list of 11 SNe Ia that belong to clusters, we can apply peculiar velocity corrections and study how they affect the Hubble residuals. The following methodology is implemented.
The theoretical distance modulus is µ th = 5 log 10 d L − 5, where d L is the true luminosity distance in parsecs:
where z h is the heliocentric redshift, which takes into account the fact that the observed flux is affected not only by the cosmological redshift but by the Doppler effect as well. We assign the cosmological redshift z c to be:
if inside a galaxy cluster,
otherwise.
The uncertainty on z c (both SN Ia and host cluster) is propagated into the magnitude error σ tot i 2 as:
where σ LC i is the propagation of uncertainty from light curve parameters to an apparent magnitude of SN Ia in the B-band m * B , σ int is the unknown intrinsic dispersion of SN Ia. σ z is the uncertainty on redshift measurement and peculiar velocity correction (see Eq. 3), which is assigned as: that is added to the redshift error of SNe Ia outside the clusters in order to take into account the unknown galaxy peculiar velocities, as in a classical cosmological analysis. For cases where a SN Ia belongs to a galaxy cluster, we assume that the redshift error contains only the error due to the redshift measurement of a cluster.
By fitting the Hubble diagram using only SNe Ia outside the galaxy clusters 3 , we obtained SN Ia SALT2 nuisance parameters: α and β, the classical standardization parameters for light curve width and color respectively; the absolute magnitude M B , and the intrinsic dispersion. These nuisance parameters remained fixed during our analysis. Once the nuisance parameters were estimated, we computed the difference between observed and theoretical distance modulus (Hubble residuals). In order to study the impact of peculiar velocity correction, we compute the Hubble residuals for the SNe Ia in clusters before and after correction. We used the weighted root mean square (wRMS ) as defined in Blondin et al. 2011 to measure the impact of this correction. We used the same intrinsic dispersion established during 3 Taking into account all the SNe Ia does not affect the Hubble diagram fitting because the number of SNe Ia inside galaxy clusters is small. the fitting (σ int = 0.10 mag) to calculate all wRMS . SN2006X is not taken into account during the computation of the wRMS due to the fact that it does not belong to the set of "normal" SNe Ia. However, SN2006X is included in the statistical tests described below (for details see Sect. 5.1).
The dispersion of these 11 SNe Ia around the Hubble diagram decreases significantly when the peculiar velocities of their hosts inside the clusters are taken into account (wRMS =0.130 ± 0.038 mag). When using the redshift of the host instead of the redshift of the cluster, the dispersion of these 11 SNe Ia is wRMS =0.137 ± 0.036 mag (see Fig. 6 ). In order to compute the significance of this improvement, the Pearson correlation coefficient and its significance between HR before the correction and 5 log 10 z cl /z host are computed. The Pearson correlation coefficient is ρ = 0.9 ± 0.1, and its significance is 3.58 σ, which is significant. In order to crosscheck this significance, we did a Monte-Carlo simulations. For each simulation, we took the difference z cl −z host for the 11 SNe Ia in clusters and then randomly applied these corrections to the same 11 SNe Ia. For each simulation, we examine how often we get a wRMS less than or equal to the observed wRMS after the fake random peculiar velocity correction. On average the wRMS is higher and the probability to have the same or lower dispersion in wRMS is 5.9 × 10 −4
, which is in agreement with Pearson correlation significance.
Even though the p-value is low, we still need to clarify why the decrease in wRMS is not higher. In order to examine whether the corrections are consistent with what it is expected, we compute the distribution of the pull of peculiar velocities and the expected distribution of HRs of our correction. These two distributions are shown respectively in Fig. 7 and Fig. 8 . For the pull distribution shown in Fig. 7 , which is defined as the distribution of difference between the host galaxy redshift and the host galaxy clusters redshift, divided by the peculiar velocity dispersion within the cluster, we should expect to get a centered normal distribution with a standard deviation of unity. The standard deviation of the pull is 0.82 ± 0.18 which is consistent with the expected unity distribution of the pulls. In addition, we showed in Fig. 8 the expected distribution of the correction, the expected distribution of the correction convolved with uncertainties on HR, and the observed distribution of the correction. It is seen that the observed distribution of the corrections and the predicted distribution of the corrections are consistent.
To resume, the Pearson correlation coefficient and its significance, the distribution of the pull, and the comparison between the expected correction and the observed correction show that our correction is consistent with expectations given the cluster velocity dispersions and the uncertainty in SN Ia luminosity distance.
In addition, the wRMS we found for SNe Ia inside the clusters before correction, 0.137 ± 0.036 mag, is also smaller than the wRMS for the SNe Ia in the field (wRMS = 0.151 ± 0.010 mag). This is consistent with a statistical fluctuations, but could be due to a lower intrinsic luminosity dispersion for SNe Ia inside galaxy clusters. This possibility will be explored in the Sect. 5.2.
Discussion

SN2006X
Throughout the analysis, we treated SN2006X in a special way because this SN Ia is highly reddened SN, i.e. it is associated with dusty local environment (Patat et al. 2007 ). This is a SN Ia affecting the interstellar medium and which exhibits very high Article number, page 7 of 13 A&A proofs: manuscript no. SNIa_in_Clusters The value was calculated from R 500 with equation R 200 = 1.52R 500 (Reiprich & Böhringer 2002; Piffaretti et al. 2011 ). References. (1) ejecta velocities and a light echo (Patat et al. 2009 ). These special features put it very far off the Hubble diagram, and makes this SN unsuitable for cosmological analysis. However, it was included in the analysis here because we are interested in the impact of peculiar velocities within galaxy clusters, not cosmology alone, and it passes the light curve quality criteria defined in Guy et al. (2010) . While SN2006X can bias the dispersion, only the difference between the residuals before correction for peculiar velocity and after correction for peculiar velocity is taken into account in the computation of the significance of the signal. This correction for SN2006X is around ∼550 km s −1 in velocity, and has a huge impact on magnitude at nearby redshift. In this case the ∼0.7 magnitude correction improves the dispersion on the Hubble diagram. Indeed, the original Hubble residual was measured as ∼ −1.7 mag when using the host galaxy redshift instead of the galaxy cluster's redshift whereas the Hubble residual is ∼ −1.0 mag. This correction is <50% of the original offset, and smaller than the corrected residual from stretch and color only.
Considering the importance of the correction for SN2006X and the fact that this object is peculiar, it makes sense to calculate the significance of the peculiar velocity correction when SN2006X is not taken into account. Without SN2006X, the Pearson correlation coefficient decreases substantially to ρ = 0.5±0.3 , with a signifcance of 1.34 σ. Moreover, by re-doing the same Monte-Carlo simulation as in Sect. 4 for the remaining cluster SNe Ia, the p-value changes from 5.9 × 10 −4 to 6.6 × 10 −2 , which is in agreement with Pearson correlation significance. Thus, removing an object where the correction is large decreases the significance of the correction, especially given the small sample size. 
Physical properties of SNe Ia and their hosts in galaxy clusters
In Sect. 4 it was shown that the wRMS around the Hubble diagram for the SNe Ia in clusters is less than for SNe Ia in the field, which suggests that SNe Ia in clusters might represent a more "standard" subclass of SNe Ia (see Fig. 6 ). In order to compute the significance of this lower dispersion we perform 10 6
MonteCarlo simulations. For each simulation, we randomly select 11 SNe Ia in our sample and compute the wRMS . For all the simulations we compute how often the dispersion is lower than the dispersion of wRMS =0.130±0.038 mag observed inside clusters after the peculiar velocity correction. In this case, the probability to have such a low dispersion is 3.8 × 10
, which is not significant.
Despite the low significance of their smaller dispersion, we could expect some difference between SNe Ia in clusters and outside them because the properties of the galaxies inside the clusters are known to be different from those in the field. While in the field all morphological types of the galaxies are observed, the central parts of the clusters usually contain a large percentage of elliptical galaxies. The oldest stars, with an ages comparable to that of the Universe, lie in elliptical/lenticular galaxies. Moreover, dust is often absent in these regions. As shown by previous studies, narrow light curve SNe Ia are preferentially hosted by galaxies with little or no ongoing star formation, and usually occur in more massive galaxies (Hamuy et al. 1995 (Hamuy et al. , 1996b Riess et al. 1999; Hamuy et al. 2000; Sullivan et al. 2003 Sullivan et al. , 2006 Neill et al. 2009; Smith et al. 2012; Johansson et al. 2013; Hill et al. 2016; Henne et al. 2017) . Indeed, if we examine Fig. 9 , we see that 11 SNe Ia found in clusters are consistent with those studies, SNe Ia with higher X 1 belong to the hosts with higher local sSFR and smaller M stellar . The properties of 48 SNe Ia in clusters vs. 1015 SNe Ia in the field were studied in Xavier et al. (2013) , who found the following mean values for SN LC parameters: X 1 = 0.14 ± 0.04 (field), −0.40 ± 0.20 (clusters) and C = −0.011 ± 0.004 (field), −0.03 ± 0.02 (clusters). For comparison our means are X 1 = −0.01 ± 0.09 (field), −0.65 ± 0.36/−0.56 ± 0.34 (clusters without/with SN2006X) and C = 0.01 ± 0.01 (field), 0.02 ± 0.03/0.13 ± 0.11 (clusters without/with SN2006X). The correlation between HRs for 11 SNe in clusters and their host galaxy's mass is the same as shown in Fig.  15 of Xavier et al. (2013) .
We also performed morphological classification of the hosts (see Table 2 ) based on the information provided by SIMBAD and HyperLeda databases (Wenger et al. 2000; Makarov et al. 2014 ) and images from Childress et al. (2013) . The host of SNF20080612-003 is classified as elliptical by HyperLeda and as spiral by Sternberg et al. (2011) . However, the classification by Sternberg et al. (2011) is based on images from Digital Sky Survey. This host looks elliptical without any sign of spiral arms on the SDSS image. Therefore, we assigned this galaxy to elliptical as in HyperLeda. We found that four SNe belong to elliptical/lenticular galaxies while the other seven are located in spirals. All of the early-type (elliptical and lenticular) galaxies fall on the red sequence for their clusters (see the color-magnitude diagrams (g − r vs. r) for the clusters within the SDSS footprint in Fig. 10 ). For the most part the spiral hosts are very close to the red sequence as well, i.e. these galaxies are characterized by redder colors.
In Figs. 9 and 11 we also show how the peculiar velocity correction c|∆z| and the absolute change in Hubble residuals due to peculiar velocity correction depend on the supernova parameters X 1 and C, host properties such as local sSFR, stellar mass, morphological type, the difference between (g−r) of the host and corresponding (g − r) of the red sequence (RS residuals), relative SN position inside the cluster and cluster mass M 200 (Childress et al. 2013; Brown et al. 2014; Rigault et al. 2018 ). The c|∆z| plot shows that most of the SNe whose redshifts are significantly changed have X 1 0 and are hosted by blue spiral galaxies, having high local sSFR, smaller M stellar , r/R200 0.7 (see Fig. 9 ). This is consistent with the distribution of galaxies in clusters such that the massive/elliptical/passive galaxies are located in the center but outer region contains spiral galaxies as SN Name Host Name Host Type log(LsSFR) log(M stellar ) SNF20051003-004 NSFJ022743.32+281037. ) -local specific star formation rate (star formation rate per unit galaxy stellar mass; Rigault et al. 2018) , M stellar (M ) is the host galaxy stellar mass (Childress et al. 2013) . The small size of our sample does not allow us to perform cosmological fits separately for the SNe Ia inside and outside galaxy clusters or to perform more detailed study of the behavior of the supernova light curve parameters in both subsamples. Once samples of SNe Ia in clusters become much larger, it will be interesting to perform such analysis again, especially to find out whether variation of the light curves parameters, and luminosity, could be important for cosmology.
Conclusions
Unknown peculiar velocities are an additional source of uncertainty on the Hubble diagram. Usually, they are taken into account by assuming 150 -300 km s as an additional statistical uncertainty in the calculations or by applying corrections based on linear flow maps. However, the velocity dispersion for galaxies inside galaxy clusters can be much higher than these methods account for. In this paper we developed a method for assigning SNe Ia to clusters, we studied how the peculiar velocities of SNe Ia in galaxy clusters affect the redshift measurement and propagate through to the distance estimation. We tested the match of 145 SNe Ia observed by SNfactory with known clusters of galaxies and used the cluster redshift to measure the redshifts of the SNe Ia instead of the host galaxy redshift. Among the full sample of SNe Ia, 11 were found to be in clusters of galaxies.
The technique we developed improved the redshift measurements for low and intermediate redshifts (z < 0.1) and decreased the spread on the Hubble diagram. When peculiar velocities are taken into account, for the SNe in clusters the wRMS =0.130 ± 0.038 mag is smaller than the wRMS =0.137 ± 0.036 mag found when no correction is applied. The correction is statistically significant with a value of 3.58 σ; however, when we exclude SN2006X the significance of the correction decreases to 1.34 σ.
We also found that the Hubble diagram dispersion of the 11 SNe Ia that belong to clusters is smaller than for SNe in the field, but with a p-value of 3.8 × 10 −1 , which is not statistically significant. Among 11 SNe found in clusters the SNe Ia hosted by blue spiral galaxies, with high local sSFR, smaller M stellar , r/R200 0.7 show higher peculiar velocity corrections (see Fig. 9 ).
Since the majority of galaxies in the Universe are not found in galaxy clusters, but in filamentary structures such as the Great Wall (Geller & Huchra 1989) Table 1 for the six clusters for which SDSS galaxy redshifts and colors are available (Eisenstein et al. 2011; Dawson et al. 2013; Smee et al. 2013; SDSS Collaboration et al. 2016) .
Red points show the positions of supernova hosts, most of which are located near the red sequence.
used to study dependencies between SNe Ia and host clusters with greater certainty. LSST will be much deeper than SNfactory or ZTF, so the method of cluster selection based only on the presence of X-rays will not be viable until much deeper all-sky X-ray surveys are performed. Even though the impact of peculiar velocities decreases with distance and becomes negligible at high redshifts, SN Ia rates in clusters (Sharon et al. 2010; Barbary et al. 2012 ) and the difference in SN light curve parameters inside and outside the clusters could be fruitful avenues of investigation for future cosmological analyses.
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